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By using high-pressure heat treatment, we synthesized the single perovskite phase of polycrystalline (1Ϫx)PbZn 1/3 Nb 2/3 O 3 -xPbTiO 3 which was reported to show giant piezoelectricity in crystal forms. Piezoelectric constant of the polycrystalline materials at room temperature was found to become maximum at the rhombohedral side (xϭ8%) of morphotropic phase boundary. Microscopic strain under the electric field ͑E͒ along different crystallographic directions was identified by observing the x-ray Bragg peak shift of polycrystalline samples with E. © 2000 American Institute of Physics.
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Ferroelectric phenomenon has been known as a thermodynamically stable cooperative effect of interacting electric dipoles. In the lattice dynamical point of view, ferroelectric transition can be considered as driven by the condensation of the zone center soft optical phonons. 1 The question of how this long-range ferroelectric order can be changed or destroyed by disorder has been a time-honored puzzle 2 and extended the conceptual horizon of ferroelectricity. Relaxor ferroelectrics are characterized by their substitutional disorder of constituent cations on regular lattice sites. They exhibit diffuse phase transitions with frequency-dependent dielectric maxima and no long-range ferroelectric order for zero field cooling. 3 The nonergodicity and the resulting long relaxation time are also characteristics of ferroelectric relaxors. 4, 5 Recently, the perovskite solid-solution system of PbZn 1/3 Nb 2/3 O 3 ͑PZN͒-PbTiO 3 ͑PT͒ has attracted much attention due to their unusually high piezoelectric constants and nonhysteretic high-strain behavior in crystal forms. 6 PZN is a relaxor-type perovskite ferroelectric with diffuse phase transition temperature (T m )ϭ140°C. ͑Ref. 7͒ and the rhombohedral structure at room temperature. PT also forms in perovskite structure, and exhibits the cubic paraelectrictetragonal ferroelectric transition at 490°C. 8 When these two compounds are mixed, the mixed system at room temperature shows a rhombohedral-tetragonal morphotropic phase boundary ͑MPB͒ at about 9% PT content. 9 On the rhombohedral side of this boundary ͑8% PT͒, the drastic enhancement of piezoelectric constant (d 33 ϳ2500 pC/N), ten times greater than that of currently available materials, was observed in the ͗001͘ direction of single crystals. 6 Even though single crystals have been grown by using the flux method, crystal growth is time consuming work, and it is difficult to control the stoichiometry of the crystals. Unfortunately, the attempt to synthesize polycrystalline forms has not been successful because polycrystalline forms are unstable in ambient conditions. By using the conventional solid state reaction technique, even the polycrystalline single phase of perovskite PbZn 1/3 Nb 2/3 O 3 could not be obtained. 10 Usually the resulting products contain pyrochlore phases such as Pb 2 Nb 2 O 7 and Pb 3 Nb 4 O 13 which deteriorate both dielectric and piezoelectric properties. Note that pyrochlore Pb 2 Nb 2 O 7 shows antiferroelectricity at very low temperature of about 15 K. 11 In order to overcome this problem, PZN ceramic was synthesized at high pressure and temperature ͑25 kbar, 800-1000°C͒ from the mixture of PbO, ZnO, and Nb 2 O 5 powders in the molar ratio of 3:1:1. 12 Even though the majority phase turned out to be perovskite, there were still considerable fraction of pyrochlore phases.
We adopted the high-pressure technique for the synthesis of five different compositions of ceramic, perovskite (1 Ϫx)PZN-xPT. By using the conventional solid state reaction ͑900°C, 8-15 h͒ method, we first prepared the multiphase ceramic samples from the mixture of PbO, ZnO, Nb 2 O 5 , and TiO 2 powders. Note that 5% excess PbO was added to compensate the Pb evaporation during sintering. Subsequently, the resulting materials, containing pyrochlore phases, were reacted under high pressure and temperature. For the high-pressure heat treatment, the multiphase ceramic sample was carefully ground, and inserted into gold capsule with 6 mm diameter and 8 mm length. The sample in gold capsule was treated at 850°C under 25 kbar for 1 h by using a piston-cylinder-type high-pressure apparatus. The resulting pellet was cut and ground for x-ray powder diffraction experiments, or polished and electroded with sputtered Au film for electric measurements. For poling, we applied electric field of 15 kV/cm at 120°C for 30 min. We also attempted to find the effect of high oxygen gas pressure ͑0.5 kbar͒ at 900°C for 5 h on the structure of pyrochlore-mixed ceramics. In this case, no structural change was detected after the high-pressure oxygen gas treatment.
After high-pressure heat treatment, the multiphase material with pyrochlore phases changed entirely into perovskite single phase. In the middle and on the bottom of Fig. 1 , we present the x-ray results of 8% PT sample after and before high-pressure heat treatment, respectively. For comparison, the x-ray powder diffraction pattern of a PbO-flux grown PZN-PT crystal with 9% PT is also presented on the top of Fig. 1 , and shows no difference with that of the high- We found that all of other compositions after highpressure heat treatment also showed the x-ray profiles similar with that of the perovskite phase. Note that our preliminary refinement results suggest that the MPB of our polycrystalline specimens at room temperature is also around 9% PT concentration. We measured piezoelectric coefficient d 33 at room temperature by using Pennebaker model 8000 piezo d 33 meter and disk-shaped samples with 5 mm diameter and 500-600 m thickness. The results of d 33 measurement are shown in the upper panel of Fig. 2 . The rhombohedral side of MPB composition ͑8% PT͒ shows the maximum value of d 33 ϭ250 pC/N, which is between those of the two different directions ͑͗001͘ and ͗111͒͘ of singe crystal with the same composition ͑2200 and 82 pC/N, respectively͒. Interestingly, this orientation-averaged d 33 value of our ceramics is nearly same with that of the well-known piezoelectric ceramics Pb͑Zr, Ti͒O 3 ͑PZT͒ at their MPB. 13 Note that since PZT single crystals at MPB is very difficult to be grown, there have not been any reports on piezoelectric properties of single-crystalline PZT at MPB. This is exactly the opposite situation with PZN-PT system. When the PT content is varied away from 8%, d 33 value decreases asymmetrically. In the rhombohedral side, d 33 decreased much more rapidly. This behavior of d 33 near MPB is consistent with the results obtained in single-crystalline samples in the ͗001͘ direction. 6 In the lower panel of Fig. 2 , the real part of dielectric constants (⑀Ј) and dielectric loss factor ͑loss tan␦) of our high-pressure specimens at room temperature are presented.
Loss tan ␦ shows broad minimum near MPB, but there is no special feature near MPB in direction-averaged ⑀Ј.
14 In comparison, non-relaxor-type ferroelectric Pb͑Zr, Ti͒O 3 ceramics exhibit an anomalous ⑀Ј peak near MPB. 15 This nonexistence of ⑀Ј peak near MPB in ferroelectric-relaxor-type ceramics may be related with its relaxational properties. Related with this, the dielectric relaxation in ferroelectric relaxor is, in general, most prominent at around and below T m , and at room temperature PZN-PT system ͑with T m у140°C) is in the relaxational regime.
In order to observe the orientational dependence of microscopic strain with external dc electric field ͑E͒, we performed x-ray powder diffraction experiment on a electroded ceramic pellet of 8% PT sample, and analyzed the profile shift of three different peaks ͑001͒, ͑110͒, and ͑111͒ with E. Figure 3 indicates our results of the directional and E depen- dence of microscopic strain, defined as ͓d (hkl) (E)Ϫd (hkl) ϫ(0)͔/d (hkl) (0), where d (hkl) is a lattice d spacing of the ͑hkl͒ plane. All the peaks in the -2 scan come from crystallites of the ceramic specimen whose indexed direction is perpendicular to the pellet sample surface, i.e., parallel to the applied E. Since there are various constraints on the strain reaction to E in polycrystalline pellets, this microscopic strain data in polycrystalline pellets cannot be directly compared or translated to the overall strain observed in the macroscopic measurement on crystals by, e.g., dilatometer. However, we can use this technique as a powerful tool to obtain the relative information on the orientational dependence of microscopic strain under E. Naturally, it is tedious to identify which direction changes most under the applied E because we need to cut single-crystalline samples in every different directions. Recent in situ x-ray diffraction study of the single crystal ͑8% PT͒ showed that the high strains observed from macroscopic methods reflect microscopic strains in the crystal lattice. 16 As shown in Fig. 3 , the high field strain response of ͗001͘ direction is much larger than that of ͗111͘, which is consistent with the single crystal result. ͑Note that ͗111͘ is the polarization direction, and ͗001͘-direction strain is largest.͒ Piezoelectric constant value of 250 pC/N, obtained in this pellet by using d 33 meter, is also indicated as a dotted line for comparison.
In summary, we have synthesized the single phase ceramics of perovskite PZN-PT by using high-pressure heat treatment, and measured their structural, dielectric, piezoelectric properties. We found that the evolution of physical properties in polycrystalline perovskite PZN-PT with PT concentration is consistent with that reported for single crystals. Furthermore, we have presented a very useful technique to measure the relative orientational dependence of high field piezoelectric properties of polycrystalline samples. Piezoelectricity, in general, depends sensitively on the crystallographic direction, and our method for polycrystalline specimens can be a powerful tool to identify the crystallographic direction with highest piezoelectricity.
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